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Polycarbonate discs were injection molded with different sets of molding condi- 
tions. The parameters studied were the flow rate, melt- and mold-temperature. The 
discs were subjected to three point support flexural tests. Those tests are specially 
intended for injection molded discs because of their inherent non-flatness. The 
through-thickness molecular orientation was assessed by birefringence measure- 
ments along and across the flow direction using the wedge method. This method is 
ideal to measure the birefringence of materials that are difficult to cut with a micro- 
tome. The through-thickness stiffness of the discs was calculated from the meas- 
ured birefringence distributions. A composite model of the disc was used in the 
Algor finite element method (FEW package to simulate the flexural tests. 
1. INTRODUCTION 
njection molded products exhibit anisotropic mor- I phology induced by the complex thennomechanical 
history during processing. One of the main features of 
that morphology is the distribution of molecular ori- 
entation. The molecular orientation arises when chain 
segments showing preferential directions of alignment 
are unable to relax owing to the fast  cooling through 
the glass transition temperature (Tg). The alignment of 
the chains is a result of the flow-induced stress field 
that develops during the filling, packing and holding 
stages of the process. Since the time to cool down to 
below 7’’ increases from the wall towards the center of 
the part, the pressure- and thermal-induced stresses 
during cooling build up a distribution of molecular 
orientation in that direction (1-3). 
The flow shear stresses are bigger near the wall 
than in the core. The shear stresses tend to align the 
chain segments in the flow direction. In the core, where 
the flow is divergent, stretching will occur, and the 
material tends to align in the direction transverse to 
the flow (4). Since the skin is in contact with the cold 
mold wall, the molecular orientation in this region 
freezes almost instantaneously. Some of the molecular 
orientation will relax, but close to the skin the time for 
relaxation is short. These conditions lead to high level 
of molecular orientation in the skin. In the core, the 
shear stresses applied to the melt are smaller and the 
time for molecular orientation relaxation is longer, 
thus, the level of molecular orientation is lower. 
In the case of a disc injected in the center, the state 
of molecular orientation is a result of the mechanisms 
described above. At constant flow rate, the linear speed 
of the flow front decreases towards the end of the flow 
path, this leading to a complex point to point variation 
of molecular orientation (5-7). 
The molecular orientation induces anisotropy, since 
some mechanical properties (e.g. stiffness) are in- 
creased in the direction of alignment in relation to 
those in transverse direction (8). The distribution of 
molecular orientation across the thickness and along 
the flow path results in a variation of mechanical 
properties in those directions. 
Birefringence is the most widely used property for 
the assessment of molecular orientation in polymers. 
With this technique it is possible to obtain quantitative 
results that can be related to the molecular orientation 
and the residual stresses (2, 6, 9). The birefiingence is 
measured using polarized light microscopy. The most 
common method to measure the birefringence makes 
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Fg. I .  The orientation of a chain unit with respect to thefrow 
direction ( I  -axis) represented by the angle cp. 
use of a compensator to numerically assess the opti- 
cal path difference. When sample preparation by micro- 
toming is difficult as it is in polycarbonate, the wedge 
method is preferred (10). This method makes use of 
the optical path difference linear relationship to the 
thickness, to calculate the birefringence. If the wedge 
specimen is observed with monochromatic polarized 
light, a set of dark fringes regularly spaced will be visi- 
ble. The birefringence can be calculated from the dis- 
tance between consecutive fringes, the angle of the 
wedge, and the wavelength of light (10-12), using the 
following expression: 
where 
A - wavelength of light 
1 - distance between two consecutive fringes 
e - angle of the wedge 
(Q. 3b) 
In injection molded products, the birefringence de- 
pends on the molecular orientation and on the resid- 
ual stresses. Three major sources of residual stresses 
have been identified: thermal- and pressure-induced 
stresses and frozen-in entropic stresses (4). The frozen- 
in entropic stresses are related to the non-randomness 
of the chain orientation. The inhomogeneous cooling 
and the volumetric changes associated to the variation 
of properties during cooling result in a distribution of 
thermal stresses across the thickness direction. Those 
stresses have a parabolic distribution already observed 
in quenched specimens, being compressive at the wall 
and tensile in the center (13, 14). The pressure-in- 
duced stresses were associated to a tensile peak in 
the residual stresses near the wall, which is typical of 
injection molded products (3, 15, 16). The thermal 
stresses are generally higher than the entropic stresses, 
and of the same order of magnitude of the pressure- 
induced stresses. 
The stiffness of the molding in a given direction can 
be estimated knowing the molecular orientation, in 
that direction. The molecular orientation can be deter- 
mined by birefringence measurements (8, 17). How- 
ever, the birefringence measured in as molded speci- 
mens has the contribution resulting from the residual 
stresses. since 
An = Anor + An,,, (2) 
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where the subscripts or and str refer to orientation 
and residual stresses, respectively. If the magnitude of 
the residual stresses is known, their contribution to 
the birefringence can be subtracted using the stress- 
optical coefficient (6). 
If the molecules are symmetrically aligned around 
the flow direction, 1-axis (Rg. I ) ,  according to a statis- 
tical distribution of the angle cp adapted from the ki- 
netic theory of rubber elasticity (18), an orientation 
averaged relation between the compliance of the mate- 
rial and the state of molecular Orientation can be ob- 
tained: 
(3) 
where 
S, ,= - Compliance of the material fully aligned 
S, - Compliance of randomly aligned material 
A comprehensive description of the theory that leads 
to Eq 3 can be followed in reference (8). Introducing 
the Hermans orientation factor that relates the bire- 
fringence to the state of orientation of the segments in 
relation to the 1 -axis (19). 
(4) 
where 
An,, - Birefringence of the material 
Anors - Birefringence of the material fully oriented 
the expression (3) may be simplified assuming that 
S,,a is negligible because it is much smaller than S,  , 
and So. Thus, combining (3) with (4) and transforming 
compliance into stiffness, it results 
Eli = E, (1 - -) A q r  
A%rm 
(5) 
which is in good agreement with experimental results 
(8). This expression will enable the prediction of stiff- 
ness from experimental birefringence data. About the 
assumption (Sf,= = 0) made to obtain Eq 5, in fact it 
is not easy to obtain a value for S,,,. however we can 
discuss the order of magnitude of the error introduced. 
If we accept that the modulus of the fully oriented 
material is at least five times the modulus of unori- 
ented material, and the birefringence is lower than 
(smaller values were found in literature), then 
the maximum error in using the Eq 5 will be of 2.5%. 
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Q. 2. Specimens cutfrom 
each disc. 
2. EXPERIMENTAL 
Centrally gated discs (Fig. 2) were molded in a 600 
kN Krauss MalTei 60/210A injection molding machine. 
The mold was used before for reproducing morpholog- 
ical features of typical commercial moldings of semi- 
crystalline materials. The gate diameter is 7.5 mm, 
which can be considered large for this size of molding, 
and it is likely to lead to a higher orientation gradient 
in transverse direction and a lower overall level of ori- 
entation and stiffness. The material used was a gen- 
eral purpose polycarbonate grade from GEP, Lexan 
141 R. The molding program and the codes used are 
summarized in Table 1. 
2.1 Birefringence Measurements 
Two discs per molding condition were used for bire- 
fringence determination. In each disc four triangular 
specimens were cut at 35 mm from the center, two 
along and two across the flow direction (Fig. 2). These 
testpieces should have approximately 30"/60"/90" 
angles. 
The testpieces were polished in the two longer 
edges, to remove any cutting marks left. Then they 
were mounted into a bath of paraffin to reduce the 
Table 1. Molding Program and Codes. 
Melt Injection Mold 
Temperature Flow Temperature Thickness 
Code ("C) Rate cm3/s ("C) (mm) 
A 
B 280 
C 
10 
20 
40 
1.622 
1.631 
1.687 
D 
E 300 
F 
10 
20 
40 
G 
H 31 0 
I 
10 
20 
40 
1.695 
80 1.649 
1.670 
1.691 
1.738 
1.779 
-~ 
J 280 80 1.660 
K 280 1.653 
L 300 20 100 1.649 
M 31 0 1,666 
N 31 0 120 1.661 
reflection from the surface and improve the image 
contrast, as shown in Fig. 3a 
Green light of 550 nm wavelength was used. The 
birefringence was determined from data obtained from 
acquired fringe patterns with a Leica Quantimet 500 
image analyzer. Over twenty points across half thick- 
ness were measured. Symmetry across the thickness 
was verified in some specimens and just visually as- 
sessed in the remaining. Data was obtained from the 
average of four specimens. 
2.2 Flexural Teats and Simulation 
The flexural stiffness of the discs in the three-point 
support flexural test (designed for overcoming the in- 
herent non-flatness of molded plates) is assessed in 
three ways: a) experimentally, b) using an analytical 
solution for an isotropic material, with data from the 
raw material manufacturer, and c) using a FEM pack- 
age with a laminate model, with data calculated from 
birefringence. The flexural tests were carried out with 
an Instron tensile test machine equipped with a spe- 
cific jig as described elsewhere (20). The tests were 
made at 1 mm/min crosshead speed to the maximum 
displacement of 0.8 mm (about half thickness of the 
specimens) to keep the test in the proportional elastic 
strain region. The environment was kept at 23°C with 
the relative humidity at 55%. Seven specimens were 
tested per molding condition. 
2.3 Imotropic Solution 
The Bassali equation (21) solves analytically the 
problem of a flexed isotropic disc simply supported in 
a finite number of support points placed in the outer 
rim of the disc. For the case of three points of support 
defming a radius smaller than the radius of the disc, 
a stiffness correction is needed. That correction was 
defined elsewhere (22). 
In the isotropic solution it was assumed that the 
isotropic elastic constants were independent from the 
processing conditions which only affected the overall 
thickness of the moldings (Table 1). 
2.4 FEM Simulation 
A 936 quadrilateral composite elements model was 
created using the Algor software (23) to simulate the 
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Image analyser 
Green filter 
Fig. 4. Algor model for simulation of j k x ~ ~ a l  tests a) a- 
formed mesh, b) deformed plate, scale set to 25. Circles are 
supports; load applied in center point. 
ness is evident. The stiffness is calculated from bire- 
fringence through J3q 4, using Anor, = 0.062, from (8) 
and a stiffness E, = 2.3 GPa, from manufacturer’s 
data. 
The flexural behavior of transversely loaded plates 
is not very sensitive to small variations of the lateral 
contraction ratio. I t  was assumed that the major lat- 
eral contraction ratio, vI2. is of the order of the manu- 
facturer’s quoted average Poisson’s ratio, 0.38. 
Q. 3. BireJmgence experiments: a) apparatus; b) measure- 
mentfromfringe patterns. 
A 1 2550 (centre 
flexural tests (Q. 4) .  The boundary conditions were 
defined in the support points (shown as circles in Fig. 
4) ,  constraining the out of plane translation of those 
nodes. The load is applied at the center of the disc. 
For applying the FEM code, the moldings were con- 
sidered to be made of 12 layers symmetrically dis- 
tributed with respect to the midplane surface (Q. 5). 
For the simulations each layer was considered to be 
orthotropic with respect to radial and tangential direc- 
tions. The definition of the layers was intended to de- 
scribe the variation of properties with the smallest 
number of layers. In Fig. 5 it is exemplified the case of 
molding A, where the non-constancy of the layer thick- 
2500 
h 8 2450 
4 2400 
z 
v 
Y) 
2350 
2300 ‘ 
0.0 0.2 0.4 0.6 0.8 1 .o 
Fractional distance 
Fig. 5. Layers s t i i s s  discretized from through-thickness 
birefigence distributions, sample A. E,, is the along j b w  
stiffness and EZz is the a c r o s s ~ w  stiiess. 
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Table 2. Slope of ForcelDeflection in Flexural Tests and Simulations. 
Experimental Composite Isotropic Composite Isotropic 
(Standard Deviation) FEM Model Solution FEU Error Error 
(kN/m) (kNlm) (kNlm) (W ("/.I 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
6.64 (0.1 7) 
6.85 (0.16) 
8.57 (0.19) 
9.34 (0.19) 
8.27 (0.12) 
9.10 (0.21) 
9.01 (0.23) 
10.33 (0.15) 
11.73 (0.25) 
7.76 (0.10) 
7.80 (0.1 1) 
8.00 (0.10) 
8.65 (0.14) 
8.46 (0.23) 
7.92 
8.07 
9.10 
8.91 
8.75 
9.00 
9.74 
10.45 
8.68 
8.91 
8.78 
8.57 
8.82 
8.73 
8.44 
9.50 
9.63 
8.87 
9.21 
9.56 
10.38 
11.14 
9.05 
8.93 
9.18 
9.06 
8.58 
8.87 
19.3 
17.8 
4.6 
6.2 
7.7 
-3.8 
-0.1 
-5.7 
-1 0.9 
13.1 
11.3 
7.1 
2.0 
3.2 
27.1 
25.3 
1.7 
12.4 
7.3 
1.2 
6.1 
0.5 
16.6 
14.5 
10.9 
6.1 
7.1 
-5.0 
The comparison between the experimental results 
and the simulation is based in the slope of the force- 
displacement curve. Results obtained with the analyt- 
ical solution for isotropic materials are reported in 
Table 2 as well. 
3. BIREFRINGENCE RESULTS 
AND DISCUSSION 
The results or birefringence are depicted in Figs. 6 
to 8. The experimental uncertainty is bigger near the 
wall, since the minor angle of the wedges (- 30") is not 
constant because of mechanical damage during the 
polishing stage. Maximum variation of 5" was obtained 
on measuring that angle. This angular variation can 
result in errors up to 18% upon calculating birefrin- 
gence. 
3.1 Gapdme! Radial Birdringen- 
Three local maxima can be observed in the gapwise 
birefringence, An,,, independently from the molding 
temperature, Figs. 6a-6~. The first, which will be re- 
ferred to as wall maximum, appears near the wall and 
has been associated with the fountain flow that devel- 
ops during the filling stage (1). However, recent de- 
velopments (4, 15, 16) show that this wall maximum 
depends on the pressure applied during the packing 
and holding phases of the injection cycle. In fact, 
here, where these pressures were not changed, little 
variation on the magnitude of this peak was observed. 
The second maximum develops in the filling shear re- 
gion. The magnitude of the shear peak depends on the 
flow rate as well as its distance from the wall. The 
third maximum has been ascribed to the flow during 
the packing and holding stages, and to the pressure 
applied to the melt during those stages; it will be re- 
ferred to as the packing peak. The molding parame- 
ters seem to have no effect on the birefringence at the 
center. The birefringence at the center has been asso- 
ciated with the residual stresses present in the speci- 
men. Recently that birefringence was attributed to 
transient stresses that became frozen in during vitrifi- 
cation (4). 
The flow rate has major effect in the gapwise radial 
birefringence. Lower flow rates result in higher shear 
peak and packing maxima, the effect being more no- 
ticeable at low melt temperatures. Flow rate seems to 
be the most important molding parameter to deter- 
mine the gapwise birefimgence, which varies inversely 
to it. 
Higher melt temperature lead to lower values of ra- 
dial birefringence, as can be observed in m. 7. The 
melt temperature has limited effect on the through 
thickness position of the three birefringence maxima. 
3.2 Gapuiw Tangential Birefringance 
At the wall and in the center the studied parameters 
have no significant effect on the tangential birefrin- 
gence A%3. Fig. 8. The same behavior was observed in 
compact discs of polycarbonate (4). 
In Fig. 8a it can be observed that the flow rate af- 
fects the birefringence of the intermediate region. The 
same qualitative behavior is evident in m. 8 b  and 8c, 
but as the melt temperature increases the quantita- 
tive differences are smaller. At 310"C, the effect of the 
flow rate is minimum and confined to the region close 
of the wall. This can be an indication that the thick- 
ness of the frozen layer is one of the determining pa- 
rameters in the building up of transverse birefrin- 
gence. The tangential birefringence appears to be 
rather insensitive to the melt temperature as shown 
in Fig. 9. 
Those results of birefringence measurements are in 
qualitative agreement with similar experiments re- 
ported by Wimberger-FYiedl(6) using compact discs of 
polycarbonate. In quantitative terms the birefringence 
distributions in flow direction reported here are con- 
sistently higher. This can be explained since the ma- 
terial used in this work is a general purpose grade, 
whereas the material used for compact discs is a spe- 
cial grade with a lower molecular weight. Thus, lower 
birefringence levels are to be expected (24). However, 
the birefringence across flow direction is quantitative 
and qualitatively very similar. Wu and White (3) re- 
ported values for edge gated plates also similar to the 
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Ffg. 7. Variation of gapwise birefnngence inJlow direction 
with melt temperature. Flow rate: 10 cm3/s. 
two curves of 1 Oa, a shift can be observed towards the 
wall. The mold temperature has limited effect on the 
tangential birefringence, FQ. I Ob.  
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Fractional halfthickness 
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Fig. 6. Variation of gapwise birefnngence inflow direction 
wi thmw rate at melt temperatures of 4 280°C: b) 300°C and 
c) 31 0°C. 
ones obtained here using a comparable general-pur- 
pose polycarbonate grade, however, with slightly lower 
viscosity. 
3.3 The Effect of Mold Wall Temperatare on the 
Birefringence 
The mold wall temperature does not affect signifi- 
cantly the birefringence (Fig. 10). An increase of 20°C 
in the mold temperature, as seen in Fig. lOa,  results 
in a small variation near the wall. Comparing the last 
4. FLEXURAL RESULTS AND DISCUSSION 
The following aims at evaluating if the flexural be- 
havior of a molded plate can be estimated from mor- 
phological features such as birefringence. Of course, 
birefringence contains a part that is due to residual 
stresses: however, this will be neglected here. In fact, 
if we suppose a stress distribution with a tensile max- 
imum of 5 MPa, assuming a stress-optical coefficient 
of 100 pPa-' (8). the maximum birefringence reduction 
would be of 0.5 X A compression stress would 
increase the birefringence. This means that to accu- 
rately estimate the stiffness properties from birefrin- 
gence data it is necessary to study the residual stress, 
or alternatively, remove the residual stresses. One 
technique that would enable to separate the two con- 
tributions to the birefringence is annealing. However, 
it has been shown that the relaxation, taking place on 
annealing below Tg, does not correlate directly with 
the residual stresses (6). The reason pointed out for 
this behavior was the time dependence of the stress 
optical coefficient. In this work, two specimens (condi- 
tion J) were subjected to annealing at 130°C during 
two hours, followed by slow cooling ( l"C/min) to room 
temperature. It was observed a decrease in the bire- 
fringence level in the skin and a small decrease of the 
birefringence in the core. It was observed that the 
birefringence change was not balanced. 
The numerical results for every processing condition 
used in this work are included in Table 2, where devi- 
ations from analytical and FEM predictions are indi- 
cated with reference to the experimental data. 
The analysis of the results shows that the isotropic 
solution consistently overpredicts stiffness of the discs 
for the majority of the molding conditions. Only in the 
condition I the experimental results show a higher 
stiffness than predicted. This condition corresponds to 
an extreme set of parameters (3 10°C melt temperature 
and flow rate of 40 cm3/s) that tend to create a state of 
lower molecular orientation and therefore lower bire- 
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- 10 - 20 - 40 (cm3/s) 
(4 
k44/ 
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-10 -20 -40 (cmls) 3 
(b) 
/centre wall 1 
0 '  I 
0.0 0.5 1 .o 
Fractional half thickness 
Fig. 8. Variation of gapwise bvemence  across flow direc- 
tion withflow rate at melt temperatures of 4) 280°C; b) 300°C 
and c) 31 0°C. 
fringence. The molding conditions that lend to smaller 
deviations between the isotropic model and the experi- 
mental results are C, F and Xi. All these conditions 
imply flow parameters that favor the isotropy of prop- 
erties. The birefringence results for these conditions 
indicate a quasi-equi-biaxial state of orientation. 
The FEM simulator also overpredicts the flexural 
stiffness. However, the approximation of those predic- 
tions to the experimental behavior is consistently bet- 
ter than the isotropic model (the molding conditions 
C, F, H, and I are exceptions to the general trend). 
0 1  I 
0.0 0.5 1 .o 
Fractional halfthickness 
-28OOC -3300OC -310°C 
F@. 9. Variation of gapwise b i rehence  across flow duec 
tion with melt temperature. Flow rate: 10 cm3/s. 
i"- wall I 
1 -280:80 I 
4 t--280:100 I 
0 '  
0.0 0.5 1 .o 
Fractional halfthickness 
(4 
Wall' 
I 
I - 280:80 
0 '  
0.0 0.5 1 .o 
Fractional halfthickness 
(b) 
F@. 10. Variation of gapwise birejingence atflow rate of 20 
cm3/s. Melt temperature: Mold temperature are the pcuame- 
ters, which correspond to molding conditions J ,  E, L, 111; and 
N. 4)mw direction or 1-3  plane: b) across flow direction or 2- 
3 plane. 
The bigger deviations between the experimental re- 
sults and the FEM simulations are observed for A, B, 
I, J, and K. All these moldings. with exception of I, 
were produced with low melt temperature. 
Usually closer approximations would be expected 
from a FEM simulator. It is evident that the consider- 
ation of a layered model generally improves the preci- 
sion. However it must not be forgotten that the layer 
properties were considered to be constant over the 
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whole flow path. Also, the effect of the residual stresses 
was not considered at this stage of the work. The im- 
provement of the method would imply therefore addi- 
tional experimental work or, more desirably, a model 
that would predict birefringence from the flow and 
thermal stress fields. 
5. CONCLUSIONS 
The wedge method is a valuable technique to charac- 
terize the birefringence distribution in injection molded 
products made of rigid materials that may be difficult 
to prepare by microtoming. 
The birefringence distribution through the molding 
thickness show the three peaks characteristic of poly- 
carbonate moldings. Their magnitude and position de- 
pend on molding parameters, namely flow rate and 
processing temperatures (melt and mold). The increas- 
ing flow rate and temperatures cause the birefringence 
to decrease. In the case of polycarbonate the influence 
of the mold temperature in birefringence is less notice- 
able than that of the melt temperature. 
The information from birefringence measurements 
can be used to predict the mechanical behavior of in- 
jection molded discs using the Hermans orientation 
factor to relate birefringence to mechanical character- 
istics. 
The utilization of moduli derived from birefringence 
measurements to predict the stiffness of injection 
molded discs using a laminate FEM model led to re- 
sults within 8% of average error with respect to exper- 
imental data. These results are better than using an 
isotropic model based on manufacturer raw material 
data. The prediction may be further improved if the 
birefringence variation along the flow path is intro- 
duced and the effect of the residual stresses is de- 
ducted in the birefringence data used for calculations. 
These findings suggest that birefringence data may 
be used as a morphological feature to predict the me- 
chanical performance of plates injection molded in 
amorphous thermoplastics, from the processing con- 
ditions. 
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17. 
18. 
19. 
20. 
21. 
22. 
Birefringence. 
Birefringence resulting from molecular 
orientation. 
Birefringence of the material fully oriented. 
Birefringence resulting from stresses. 
Hermans orientation factor. 
Distance between two consecutive fringes 
(F'ig. 3b). 
Modulus of randomly aligned material. 
Modulus along the flow direction. 
Modulus across the flow direction. 
Modulus of the material along an arbitrary 
direction. 
Compliance of randomly aligned material. 
Compliance of the material along an 
arbitrary direction. 
Compliance of the material fully aligned. 
Glass transition temperature. 
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